Abstract-The Ag-Cu-In-Ga (ACIG) material system has been investigated over a composition range used for reaction to form (Ag,Cu)(In,Ga)Se 2 thin films for photovoltaic application. ACIG thin films were sputter deposited from Ag 0 .77 Ga 0 .23 , Cu 0 .77 Ga 0 .23 , and In targets using different layer sequences with Ag/(Cu + Ag) and (Ag + Cu)/(Ga + In) ratios fixed at 0.25 and 0.90, respectively. The most uniform morphology was achieved with a Ag-Ga layer followed by a layer with co-sputtered Cu-Ga and In. Varying the sputtering sequence for stacked layers resulted in dissimilar morphologies and structural phases. X-ray diffraction analyses revealed that Ag-Ga and In layers intermix to form the (Ag,Cu)In 2 phase in all Ag-containing samples except one with a Ag-Ga/Cu-Ga/In sequence. In addition, precursors were shown to be unstable during storage at room temperature, where a secondary (Ag,Cu * )In 2 phase with higher Cu content formed. Finally, phase composition of the precursors annealed at 300°C was characterized.
I. INTRODUCTION
T HE Ag-Cu-In-Ga (ACIG) material system has recently shown promise for use as a metal precursor for processing of widebandgap thin-film solar cells [1] , in addition to a possible candidate for lead-free nontoxic solders [2] . Silver alloying of Cu(In,Ga)Se 2 (CIGS) to form (Ag,Cu)(In,Ga)Se 2 (ACIGS) has been investigated due to the wider bandgap and lower melting temperature of Ag-based thin-film chalcopyrite alloys [3] - [9] . Widening the bandgap of the system by Ag alloying can improve the open-circuit voltage (V OC ) and lower power losses. In addition, the AgInSe 2 melting point is 782°C, which is ∼200°C lower than CuInSe 2 [10] . Since the reaction temperature is closer to the melting point of the alloy, higher atomic mobility during growth may result in films with reduced structural defect densities [11] . Consequently, wide bandgap ACIGS devices made by the co-evaporation method exhibit a better overall performance [12] - [14] . Recently, a 19.9% efficient ACIGS thinfilm solar cell with V OC = 732 mV, processed by a threestage co-evaporation process, was reported [15] . Besides coevaporation, ACIGS can be synthesized using the precursor reaction (selenization) method, which includes the reaction of Ag-Cu-Ga-In metal precursors in H 2 Se/H 2 S atmosphere. The formation of ACIGS films by the precursor reaction process found that Ag incorporation in the Cu-Ga-In metal precursor altered the structure and morphology of the films [1] . Addition of a 5 or 32 nm thick Ag layer between the Mo back contact and co-sputtered Cu-Ga-In precursor layers resulted in less agglomeration with no elemental In phase, unlike typical sputtered Cu-Ga-In films [16] . Silver also gave significant improvement in the selenized films' adhesion that enabled higher temperature reaction and improved device performance [1] .
Complete investigation of Ag alloying in the reaction process requires the development of a stable well-characterized precursor structure that enables a broad range of compositions to be investigated. Uncertainties in the binary and ternary phase diagrams of the Cu/In/Ga system including a variety of intermetallic phases and their wide range of solid solubility made phase identification in this system a challenge. A variety of phases have been reported in the literature for as-deposited Cu-In or Cu-In-Ga metal precursors [1] , [16] - [24] . Alloying this material with Ag adds complexity to the system. We previously reported the effect of different sputtering sequences on the structural properties of as-deposited Ag-Cu-Ga-In metal precursors and selenized films and their correlation with device properties after the H 2 Se reaction [9] . In this paper, we fully characterize the phase composition of Ag-Cu-Ga-In metal precursors using unit cell refinements of as-deposited and heattreated films. In addition, we describe phase stability, morphological uniformity, coverage, and retention of a dense structure after processing.
The thermodynamic phase diagram of Cu-In has been extensively studied. Four 2 In phases in that region. In addition, a stable Cu 11 In 9 phase for higher In content was found. Using electron diffraction, Elding-Pontén et al. [29] suggested that the η + η' region consists of a high-temperature phase A and low-temperature phases B and C. These phases have NiAs-Ni 2 In-type structures and can be described as superstructures of the Cu 2 In phase [29] - [32] . An additional intermetallic phase of CuIn 2 , which has been deduced by Keppner et al. [33] , is a metastable phase and does not exist in either Cu-In phase diagrams; however, it has been reported in low-temperature deposited thin films [19] .
To date, limited studies have been performed on the equilibrium phase diagram of Cu-Ga-In, and most of them are relevant to the production of CIGS thin-film solar cells. Purwins et al. [21] proposed a ternary subsystem based on sputter deposited Cu-In-Ga thin films with different compositions annealed at 350°C for 2 min. They indicated similar phases In, Cu 16 In 9 , and Cu 9 Ga 4 in the Ga/(Ga + In) range of 0.2-0.3. Using these experimental data, Kim et al. [34] calculated the phase diagram at 350°C.
On the system of Ag-Cu-In, a comprehensive experimental investigation has been done by Bahari et al. [35] . They were reported eight three-phase regions including solid solutions and binary intermetallic phases in the triangulation of the ternary system, while no intermediate ternary phase was identified. It is worth mentioning that Bahari et al. followed the Bolcavage Cu-In phase diagram and, therefore, did not consider the group of five phases (h, A, A', B, C) in the Cu-In phase diagram. In the present work, we optimize the process of forming Ag-containing precursors with complete control over Ag/(Cu + Ag) using a sequential layered process that is compatible with in-line manufacturing. The effect of different sputtering sequences on the structural properties of the metal precursors was studied using X-ray diffraction (XRD) and scanning electron microscopy (SEM). Phase stability and equilibrium conditions of the precursors were also addressed. Stability was investigated by aging the films at room temperature. In order to achieve near-room-temperature equilibrium conditions to complete intermediate reactions, metal precursors were annealed at 300°C for one day.
II. EXPERIMENTAL PROCEDURES
Eight different sets of Ag-Cu-Ga-In metal precursors were deposited by dc magnetron sputtering at room temperature using Cu 0.77 Ga 0.23 , Ag 0.77 Ga 0.23 , and In targets to produce films with Ag/(Cu + Ag) 0.25, (Ag + Cu)/(Ga + In) 0.90, and total thickness 600 nm, which will produce an ACIGS film with thickness 1.7 μm if fully reacted. The substrate was 2.5 × 2.5 cm 2 Mo-coated soda-lime glass (SLG), where a ∼700 nm layer of Mo was deposited on SLG prior to the metal precursor deposition using the same sputtering instrument. The chamber back-pressure was 10 -7 torr. Deposition was performed in an Ar atmosphere with 1.7 and 5 mTorr pressure for Mo and metal precursor deposition, respectively. Sample A was prepared by "co-sputtering," in which of Cu-Ga and In layers are deposited onto a rotating substrate (5 r/min) to give ∼700 alternating layers, as described previously [16] . Sample B incorporated a ∼70 nm thick Ag-Ga layer on Mo followed by a similar co-sputtered Cu-Ga and In layer. Samples C-H were deposited layer-by-layer with different sequences of Cu-Ga, Ag-Ga, and In. Table I summarizes the sputtering sequences of samples A-H. In order to characterize the structural composition of the sputtering targets, 200-nm-thick single layers of Ag-Ga and Cu-Ga were deposited on similar substrates. Samples were annealed in flowing Ar at 300 ºC for one day and cooled down slowly in the furnace. Composition of the samples was measured by X-ray fluorescence using an Oxford X-Strata980 instrument. Energy dispersive X-ray spectroscopy (EDS) was used for spot-EDS analysis at 20 keV using an Amray model 1810T electron microscope with an Oxford Instruments PentaFET 6900 EDS detector. SEM images were taken in a Zeiss Auriga 60 microscope. Symmetric XRD and glancing incidence XRD (GIXRD) studies were performed using a Rigaku D/Max 2500 with Cu-Kα radiation. For XRD studies, a fixed slit geometry was employed. XRD patterns were analyzed using the ICDD database [36] . Rietveld unit cell refinements were performed by HighScore Plus software using the crystallographic information files provided from ICSD databases [37] . Solid solubility of the phases with other elements was excluded. A March-Dollase model [38] was used to refine the preferred orientation.
III. RESULTS AND DISCUSSION

A. Ag-Ga and Cu-Ga layers
In order to better understand the structure of the ACIG films, the phase composition of the single layers of Ag-Ga and Cu-Ga was also studied. Symmetric XRD analysis of the as-deposited Ag-Ga layer is shown in Fig. 1(a) .
Peaks at 2θ = 38.18°and 81.86°are attributed to a <1 1 1> oriented α-(Ag) phase, and small peaks at 33.82°and 38.88°a re attributed to a ζ-Ag 2 Ga phase with space groups of cubic F m3m and hexagonal P62m, respectively. After a heat treatment at 300°C for 24 h [see Fig. 1(b) ], the peak intensity of both phases increased, likely due to releasing the stress in the film accompanied by gain growth and recrystallization. Similar results have been reported for heat-treated bulk Ag-Ga samples [39] , [40] . Gunnaes et al. [39] reported formation of α (15-at% Ga) and ζ (26-at% Ga) phases after heat treatment of a Ag (21.4 at%)-Ga sample at 300°C for 260 h. In their study, the lattice constant of the α-(Ag) phase linearly decreases from 4.086 to 4.074Å by increasing the Ga content from 0% to 18%. Here, the mean lattice constant of the α-(Ag) phase was found to be 4.069Å, which is lower than the reported values, indicating higher solubility of Ga into the α-(Ag) phase or a higher stress in the film. The mean lattice constants derived for the ζ phase were found to be a = 7.768Å and c = 2.874Å for the heat-treated sample consistent with reported values [41] .
Symmetric and asymmetric XRD analysis of the as-deposited Cu-Ga film is presented in Fig. 2 . The symmetric scan [see Fig. 2 (c)] shows only a single peak at 2θ = 42.51°. In the GIXRD analysis [see Fig. 2(a) ], two other peaks at 39.84°and 72.90°were observed. The XRD phase identification indicated formation of a <0 0 1> oriented Cu 3 Ga phase with hexagonal structure (space group P63/mmc). Its lattice constants (a = 2.60Å, c = 4.241Å) were similar to the reported values [40] . No significant changes is seen after heat treatment. Fig. 3(a) and (b) shows planview and cross-sectional SEM images of the co-sputtered metal precursors A and B. The co-sputtered Cu-Ga-In precursors (Sample A) contained large nodules on the surface of the film [see Fig. 3(a) ], as reported previously [1] , [16] , [22] . Spot-EDS measurements (in the plan-view mode) indicated that the nodules were In-rich compared with the background. XRD patterns of the co-sputtered metal precursors with the identified phases are shown in Fig. 4(a) and (b). XRD analysis accompanied by Rietveld refinement confirmed the presence of In (PDF# 5-0642) and η-Cu 16 (In,Ga) 9 (PDF# 42-1475) phases [see Fig. 4(a) ], where the underlined element is the most predominant. Rietveld analysis for the η phase (with the P63/mmc substructure [42] , [43] ) was performed based on the crystallographic information from [26] .
B. As-Deposited Co-sputtered Metal Precursors
According to the XRD refinement, the η phase accounted for >64 wt% of the precursor and the refined lattice constants for the identified phases are shown in Table II . A decrease in the lattice constants of the η phase compared with the reported values (a = 4.269Å, c = 5.239Å from PDF# 42-1475) is attributed to the solid solubility of Ga atoms into the η phase. Ternary solubility of the η phase with Ga has been shown earlier [16] , [21] , [22] . Muzzillo predicted quaternary solubility of this phase with Ag and Ga [2] .
2) Ag-Ga(/Cu-Ga + In) (Sample B): Incorporating a 70-nm Ag-Ga layer under the co-sputtered Cu-In-Ga (sample B) results in a significant reduction of In-rich agglomeration with no signs of a nodular structure [see Fig. 3(b) ]. The SEM crosssectional image also shows a more uniform film structure. The study by Tauchi et al. [1] showed that the addition of a thin (5 or 32 nm) pure Ag layer under the co-sputtered Cu-In-Ga film similarly modifies the morphology of the metal precursor.
The XRD pattern for sample B in Fig. 4(b) shows the (Ag,Cu)In 2 phase. The XRD peaks are indexed with the AgIn 2 PDF card no 65-1552; however, all the peaks are slightly shifted to higher 2θ. No significant compositional homogeneity range has been reported for the AgIn 2 phase. Bahari et al. [35] reported only ∼1% homogeneity range for this phase after annealing the two metal surfaces of Ag and In at 150°C for six months. Therefore, we attribute the shift in the peak position to the substitution of Ag atoms with smaller Cu atoms, due to similar phase structure of CuIn 2 and AgIn 2 phases, and, therefore, reduced interplanar spacing (shown in Table II ). The shift is less likely related to Ga, because AgGa 2 phase has not been reported in the literature and CuGa 2 phase [44] has different symmetry and lattice constants (P4/mmm; a: 2.830Å, c: 5.839Å) than AgIn 2 phase. Formation of the (Ag,Cu)In 2 phase is accompanied by a consistent decrease of In peak intensity, which appears as a small shoulder on the low 2θ side of the (Ag,Cu)In 2 (1 1 2) peak [see Fig. 4(b) ].
In addition, a peak at 2θ 43.6°is related to a γ-(Ag,Cu) 9 (In,Ga) 4 phase. This phase, which has a cubic structure with space group of P43m, was refined using γ 1 -Cu 9 Ga 4 PDF card no 2-1253. Four different Cu 9 Ga 4 phases exist in the Cu-Ga phase diagram, including a high-temperature γ phase and three low-temperature modifications γ 1 , γ 2 , and γ 3 . It is reported that by increasing the Ga solubility in this phase from 30.8-at% Ga to 33.7-at% Ga, its lattice parameter increases from 8.732 to 8.766Å due to the larger size of Ga atoms compared with Cu [40] . However, it decreases to 8.637Å by further increasing the Ga content to 43.0 at%, due to higher vacancy concentration. The lattice parameter 8.776Å calculated for this phase in sample B is larger than the reported values, suggesting substitution of smaller Cu or Ga with larger Ag or In atoms, respectively. Ternary solubility of γ 1 -Cu 9 Ga 4 and γ-Cu 9 In 4 into γ-Cu 9 (In,Ga) 4 has been reported in several studies [16] , [21] , [45] . The quaternary solubility of the γ phase has also been predicted by Muzzillo et al., who suggest that the quaternary γ-(Ag,Cu) 9 (In,Ga) 4 phase combines the γ 1 -Cu 9 Ga 4 , γ-Cu 9 In 4 and γ-Ag 9 In 4 phases which have similar crystal structure of P43m [2] . Fig. 3(c) -(h) shows plan-view and cross-sectional SEM images of the layered metal precursors with six sequential structures. XRD patterns of the precursors with the phases identified for each condition are displayed in Fig. 4(c)-(h) .
C. As-Deposited Layered Metal Precursors
1) Ag-Ga/Cu-Ga/In (Sample C) and Ag-Ga/In/Cu-Ga (Sample D):
For samples C and D, Ag-Ga layers deposited on the Mo substrate were followed by two different sequences of Cu-Ga and In layers, as described in Table I . SEM images in Fig. 3(c) and (d) show that altering the order of the Cu-Ga and In layers changes the morphology of the metal precursors significantly. The cross section of sample C [see Fig. 3(c) ] with Mo/Ag-Ga/Cu-Ga/In stacked layers shows the formation of up to ∼1 μm high In-rich agglomerates (containing ∼90% In) on the ACIG background. For sample D, the In layer deposited between the Ag-Ga and Cu-Ga layers altered the morphology of the precursor to a leaf-like appearance [see Fig. 3(d) ]. Spot-EDS analysis in the plan-view mode indicated that Ag exists in the leaf-like islands consisting of ∼400 nm thick mixed AgGa-In nodules covered by a ∼200 nm Cu-Ga layer, as seen in the SEM cross-sectional image [see Fig. 3(d) ]. This irregular morphology can be related to complex growth of In [9] . The irregular nodular morphology of In observed in sample C can be attributed to Stranski-Krastanov (S-K) and VolmerWeber (V-W) growth modes [9] , [46] . In the S-K growth mode, initially, a stable 2-D layer forms, followed by 3-D growth from discrete nuclei. In the V-W growth mode, the formation of 3-D islands starts by nucleation and growth of the smallest stable clusters with no monolayer formation. These complex growth behaviors are ascribed to high atomic mobility of In at room temperature due to its low 157°C melting point. Furthermore, in [40] . the structural zone model offered for electron beam evaporated [47] or sputter deposited films [48] , the morphology and grain growth mechanism during the deposition are related to the "homologous temperature," which is the ratio of the substrate temperature during deposition to the melting point of the metal (T s /T m ). At T s /T m < 0.2, fine grains will form because the mobility of the adatoms is low and the incoming ones adhere where they land, while increasing the T s /T m > 0.5 results in a squat grain structure with a higher grain size diameter to film thickness ratio [47] , [48] . In our experiments, T s /T m 0.7 resulting in a rough squat grain structure, which is apparent in sample C [see Fig. 3(c) ]. It has been reported that reducing the homologous temperature by cooling down the substrate temperature during the In deposition lead to the formation of thick In films with fine grain structures [49] , [50] .
XRD analysis of sample C shows that the presence of a Cu-Ga layer between the Ag-Ga and In layers prevented the formation of AgIn 2 [see Fig. 4(c) ]. However, CuIn 2 was detected with peaks shifted to lower 2θ. The CuIn 2 phase, mostly reported in Cu-In films, has similar lattice structure as AgIn 2 (symmetry group of I4/mcm). Rietveld refinement of this phase was performed using the crystallography data obtained from Gossla et al. [43] . Its larger lattice spacing (see Table II ) compared with the reported values (a = 6.630Å, c = 5.369Å) suggests possible Ag solubility in this phase. Therefore, the phase was defined as (Ag,Cu)In 2 . This amount was calculated as ∼11 at% using Vegard's law. Indium was also detected in an elemental phase. In addition, a hump at 39.17º and a peak at 42.57º could be assigned to α-(Ag) and Cu 3 Ga phases, respectively.
On the other hand, in sample D, fast interdiffusion of In with the underlying Ag-Ga layer led to the formation of leaf-like islands of (Ag,Cu)In 2 . The XRD pattern in Fig. 4(d) reveals intense peaks related to (Ag,Cu)In 2 phase. The rest of the In and other elements appeared as metallic In and η phases in the XRD pattern.
2) Cu-Ga/Ag-Ga/In (Sample E) and Cu-Ga/In/Ag-Ga (Sample F): Samples E and F were deposited with a Cu-Ga layer followed by Ag-Ga then In or In then Ag-Ga layers. In sample E, with a Cu-Ga/Ag-Ga/In sequence, nodules up to ∼2.5 μm high formed on the surface [see Fig. 3(e) ]. In this case, spot-EDS analysis showed that nodules contain ∼95% In. The In nodules on the Ag-Ga layer are more separated than those deposited on Cu-Ga as seen in sample C.
Sputtering the Ag-Ga layer on top of an In layer (sample F) led to the formation of ∼1 μm high agglomerated nodules [see Fig. 3(f) ]. Plan-view spot-EDS indicated that the nodules have a less In (∼65%) and a more Ag (∼25%) compared with sample E.
XRD analyses of samples E and F show similar phase compositions [see Fig. 4 (e) and (f)]. The Ag was present in the (Ag,Cu)In 2 phase, and elemental In and Cu 3 Ga were observed in both of the structures. A broad peak at 2θ 44°was identified as the γ phase with a similar mean lattice parameter ∼ 8.66Å for both films. This is close to the lattice constant reported for γ 3 -Cu 6.67 Ga 5.03 [40] , suggesting lower contribution of Ag/In atoms in this phase.
3) In/Ag-Ga/Cu-Ga (Sample G) and In/Cu-Ga/Ag-Ga (Sample H): In samples G and H, an In layer was first deposited on the Mo substrate followed by the deposition of AgGa and Cu-Ga layers in each order. Cross-sectional SEM images of the samples [see Fig. 3 (g) and (h)] display nonuniform morphology. In addition, localized voids are seen at the interface of the Mo and the metal precursors in the both of the samples.
XRD analysis of sample G with the In/Ag-Ga/Cu-Ga sequence [see Fig. 4(g) ] shows In, (Ag,Cu)In 2 , η, and γ phases. In sample H, a Cu-Ga layer between the In and Ag-Ga layers does not prevent the formation of the Ag-In phase, and Ag was found in the (Ag,Cu)In 2 and (Ag,Cu) 9 (In,Ga) 4 phases [see Fig. 4(h) ]. Here, In as an initial layer does not form a continuous layer; therefore, the following layer of Cu-Ga could not fully cover the In layer to prevent formation of the AgIn 2 phase. In addition, peaks defined by a star on the high 2θ side of the primary (Ag,Cu)In 2 peaks were identified as a secondary (Ag,Cu * )In 2 phase with higher Cu content (∼28%). Furthermore, elemental In and η-(Ag,Cu) 16 (In,Ga) 9 were also observed in this structure. Fig. 5 compares the lattice parameters of η-(Ag,Cu) 16 (In,Ga) 9 , (Ag,Cu)In 2 and secondary (Ag,Cu * )In 2 phases. Decreasing lattice constant values by solid solubility of the Ag/Ga into η-Cu 16 In 9 and Cu into AgIn 2 phases is shown in Fig. 5 , where the lattice constants are compared with those reported in the ICDD database. Fig. 6 presents the XRD patterns of all films after aging in a nitrogen-purged desiccator for three months. The co-deposited Cu-Ga + In (A) and Ag-Ga + In (B) precursors do not show any significant phase changes. In stacked layer precursors, however, all phases evolved during storage. The most significant phase evolution happened in sample C, where the α-(Ag) phase completely reacted with metallic In to form primary (Ag,Cu)In 2 and secondary (Ag,Cu * )In 2 and (Ag,Cu)In 2 phases. These are accompanied by the formation of γ-(Ag,Cu) 9 (In,Ga) 4 phase. The secondary (Ag,Cu * )In 2 phase also formed in samples with stacking order of Cu-Ga/In/Ag-Ga (F) and In/Ag-Ga/Cu-Ga (G). Sample H with In/Cu-Ga/Ag-Ga stacked layers contained this phase in the as-deposited film, but its intensity increased after aging. The later phase was not detected in XRD patterns of samples with stacking order of Ag-Ga/In/Cu-Ga (D) and Cu-Ga/Ag-Ga/In (E). The major change in these films is formation of the γ-(Ag,Cu) 9 (In,Ga) 4 phase in sample D and splitting the broad γ peak into two peaks attributed to formation of two different γ-type phases. 
D. Stability of the Precursors
E. Precursors Annealed at 300°C
1) Cu-Ga-In Co-Sputtered Precursors: Fig. 7(a) shows the XRD pattern of the annealed Cu-Ga-In co-sputtered precursor (A). After annealing, besides In and η-Cu 16 (In,Ga) 9 phases, γ-Cu 9 (In,Ga) 4 phase also formed. Refinement indicated that lattice parameter of this phase increased to 8.852Å, which is attributed to ∼30% solubility of In calculated from Vegard's law. Increasing intensity of the (1 1 0)-In peak at 2θ = 39.10°i ndicated presence of a strong orientation after annealing. The refined lattice constants are presented in Table III .
2) Ag-Cu-Ga-In Metal Precursors: The XRD pattern of sample F after heat treatment is shown in Fig. 7(b) . All other 16 (In,Ga) 9 /Cu 3 Ga phases. Further study is required in order to understand the nature of the new phase.
IV. CONCLUSION
ACIG metal precursors were prepared with co-sputtered and sequential layer structures from Cu 0.77 Ga 0.23 , Ag 0.77 Ga 0.23 , and In targets. A Ag-Ga/Cu-Ga + In co-sputtered precursor has the most uniform structure compared with the stacked layer films. A Ag-Ga layer under co-sputtered Cu-Ga-In layers decreased the formation of the elemental In phase, with In incorporated into a (Ag,Cu)In 2 phase instead. The stacked layer sputtering sequence has a significant effect on the morphology and the phase behavior of deposited films. SEM cross sections revealed that irregular islands, agglomerates, and/or nodules of different phases may form based upon the sputtering sequences. This can be explained by complex growth of the Indium layer. In addition, precursors were shown to be unstable during storage at room temperature including formation of a secondary (Ag,Cu * )In 2 phase with higher Cu content. Furthermore, phase composition of the precursor annealed at 300 ºC showed formation of a new phase with Laves-type structure.
